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PREFACE

Plans for the conference were initiated and carried out by

A. 0. G. 11tchell, Head of the Indiana University Phyrsics Depart.ent.

hore than 100 conferees from 20 laboratories attended.

D. R. Harmilton, Martin Deutsch, Gregory Breit and Eugene

Greuling served as chairmen of the four sessions. Twenty-five lectuires

were given, introductory to informal discussions. The lecturer's

names are given in the body of the r eport, underlined when presented

in connection with the topics each discussed.

This summary was prepared by E. J. Konopinski, wfho must be

held responsible for aiy misinterpretations or inaccuracies which may

have crept in. The inaccuracies w ere held to a minimum by the able

assistance, in taking notes, of H. Mahmoud, D. floffat, V. Rasmussen,

A. Smith and R. G. K'ilkinson.
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INDIANA CONF f11CE ON N CL-Af•. SPECTROSCOPY AND THE SHELL MODEL

An objective for the conference was aptly expressed by

Goldhaber: to distinguish between "fact and fiction", in the inter-

pretation of the vast accumulation of data on the behavior of transform-

ing nuclei and their radiations.

The "facts" of nuclear spectroscopy grow not only in quantity

but in variety and refinement. The study of ?'-rays now includes,

besides energy, intensity and lifetime measuranonts: 1) Y.lcoincidences,

2) directionall correlation of successive &-rays, 3) correlation of

polarization and direction, 4) correlation between X-rays and

internal conversion electrons, 5) internal conversion intensities,

6) K/L conversion ratios, 7) LI/LI, IIi conversion ratios, 8)

coincidences of X-rays with protons in reactions, with ((,'-particles

and / 3 -rays, 9) correlations of ' with 13 or o& emission directions,

The /3-radiation studies discussed also included: 10) lifetime-

energy relations, 11) spectrum shape measurements, 12) /3-nuclear

recoil- direction correlations, 12) Auger electron to positron ratios.

Data on nuclear bombardments which were specifically discussed included:

13) resonance widths in scattering, 14) angular distributions in

deuteron stripping, 15) directional correlation of fission with the

initiating neutrons. Finally, static properties of nuclei, such as

"manetic and quadrupole moments, were introduced as evidence.

Some "fiction" inevitably became mixed with fact when, for

examplo, interpretations were restricted to conformity with the primitive

version of the nuclear sholl model* It is laudable to avoid "ad hoc"

4 S0Z-------
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assumptions, but, by now, exceptions which call for further assumptions

have grown into well-defined classes of cases. A gradually more complex

picture of nuclear structure is emerging, but also a more detailed and

satisfying one,

In the priinitive shell model, all the paired like nucleons

are treated as fcrnrmng the inert core. For an odd A nucleus, this

leaves one odd neutron or poton to be assigned to a specific orbital

state ~ ,i * Such single particle states still seem

sufficient to characterize the odd A nuclei in many connections. Ex-

amples acta1lly discussed are listed:

(a) The mirror nuclei which consist of (filled orbitals) ± (one nucleon).

The favored ,1 -transitions between such isobars have comparative

half-lives q:ite closely consistent with single particle states.

(See below, TFZ NIRROR NUCLEI.)

(b) The ratios between /1 3-transiticns with different degrees of

forbiddenness. The order of magnitudes of these ratios seems to

be roughly explainable by treating tho transitions as between

single-nucleon states. ( See Unfavored Factor for Heavier Nuclei.)

(c) The "Class I, odd A" allowed 13-transitions, as defined by

Nordheim. Those are cases in which only the last odd nucleon

must change its orbital during the transition. They tend to

have shorter half-livos thmn "Class 1, odd A" nuclei. The latter

are conceived to have differently filled cores, as implied by the

odd nucleon assigmenits. (See Classification of Odd,-A Allowed

Transiti6ns.)
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(d) The low excited levels of odd A nuclei. The excitation energies

assigned the same show a smooth variation as neutron pairs are

added to the core. (See Odd A Nuclei.)

(e) The resonances in the elastic scattering of protons by even-even

nucleii Some of the resonances have energy-widths characteristic

of a single proton state. Interspersed with such are also

distinctly narrower resonances. In the latter states, tle energy

is presumably shared by many nucleons and the lifetime consequently

protracted. (See Resonance Scittering.of Protons.)

(f) The deuteron stripping ( ) reactions. in these, the neutron

is captured into a nuclear orbital, the character of which deter-

mines the observed angular distribution of the outgoing protons.

In many cases (usually for even A targets) a neutron of a definite

orbital angular momentum I is found to be captured. Capturese-by

odd A target nuclei wore discussed, and amall admixtures of a

8second i -value found -- attesting to small deviations from the

single orbital characterization. (See Stripping Reactions.)

For even A nuclae , more than one nucleon must be considered

as determining the state. Even-even nuclei all appear to have spin

I = 0 ground states, as oxpected for cores. Odd-odd nuclei have two

unlike odd nucleons: j 1 . The question arises as to whether

the resultant state character is formed from the individual states of

given J and J1 ( jj -coupling) or whether total spin S and total

angular momont L are conserved, yielding a L character (LS-
I

coupling). Strong individual spin-orbtt coupling seems necessary to

.p #



obtain the so-called "magic numbers". This implies that L and S cannot

be good quantum numbers and so lends support to the fl-coupling scheme.

It may still be that, for soiri states of light nuclei, the IS coupling

provides the better approxidation (see ft-Values and Magnetic Moments,

and The jj -Coupling Results). The problem of the resultant states

of odd-odd nuclei was discussed in the following contexts:

(g) The half-lives of favored (3 -transitions were compared as between

states calculated with .jji-coupling, and also as connecting IS-

coupled states. Both tyles of resultant states work about equally

well; neither is completely satisfactory. (See The jj-Coupling

Results.)

(h) Nordheim had fourrn empirically that for "Class I, even A" nuclei,
defined as having j + and the total spin

is usually I = lJ -j / I . "Class I!, even A" nuclei, for which

-L and j j j more nearly.

Supporting this are the allowed /-transitions between Class I

odd-odd nuclei and the I = 0 ground states of their even-even

isobars, In contrast the allowed Class II transitions almost

always go tc excited states of the even-even isobars, apparently

because the ground states are forbidden to then. (See Classification

of hlmn-k Allowed Transitionsh)

The obvious next stop is to consider states formed from

configurations of part or all the nucleons not in filled orbitals.

This socm necessary in mazy connoctioas, Those discussed in soMM detail

are .iqted,

! _
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(1) The measured spin and magnetic moment of F1 9 are usually explained

by assuming that the odd 9th proton occupies the 2SI/2 shell.

However, most nuclei seen to put their 9th to 14th nucleons into

a d5/ 2 shell. The 2S1/2 shell being more generally needed for only

the 15th and 16th nucleons. Feenberg showed that the neutron-

proton configuration ( S/ d5-/a ), producing

I -- , can explain the F1 9 magnetic moment as well as the 2SI/2

proton can. Either jj or IS coupling work equally wel. here.. (See

the Incidence of the 2S3/2 Shell.)

(J) The favored /-transitions between mirror isobars having more

than one nucleon outside closed shells can be viewed as between

states formed from the JJ-coupling of all the extra nucleons,

just as in the favored transitions of odd-odd nuclei (g), there

seems to result no preference for the jj over the LS coupling.

(See jj-Coupling Calculations of ft-Values,)

(k) The scatter of the favored 1-half-lives has been compared

against the deviations of the measured magnetic moments from

the Schmidt (single,-particle state) values. A strong correlation

shows up when jj-coupled states of many nucleons are used as a

basis of comparison between the two types of experimental eata.

(See ft-Values and Magnvtic Moments).

(1) The sharp distinction between ftvored and normal allowQd transitions

wV warly explained by Ilignerts super-multiplet theory., In the

unfavored transitions, the two isobars are assigned different

isotopic spins (T), honco isotopic spin conservation is violated.
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The corrosponding states were also assigned definite ordinary

spins S, which is inconsistent with the large spin-orbit coupling

of the shell model. Mayer assorts that the jJ-coupling of several

nucleons also produces states differing in T, so that the favored-

unfavored distinction can be retained in the shall model. (See

Isotopic S3pin in the Shell kcdel.)

(u) Nordheim uses several-nucleon configurations to explain the un-

favored /3 -decay of p3O, which was an anormaly on vdigner t s

supernultiplot theory (1). (See the Phosphorus Decays.)

(n) Goldhaber uses the roarrangunent of several nucleons to eýqolain

the slowness of Kr85 13 -decay between states of equal spin,

Such rearrangwmonts are characteristic of the "Class II, odd A"

decays already mnmtioned in (c). (See Classifications of Odd A

Allowed Transitions.)

(o) Thu participation of many nucleons in ?-radiation is apparently

responsible for some of the disagreements of observed rates with

expectations based on a single-particle calculation. (See The

f-Radiati on.)

(p) Several-nucleon configurations are used to characterize excited

states of even-even nuclei (See Even-Even Nuclei). AIther

approach is mentioned below (r).

ThQ shall model was intially considered to be r,...dically contra-

dictory to the earlier "liquid drop" picture of the heavier nuclei, The

latter nevertheleso rom.-ined useful, eg., in understanding fission (See
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The Liquid Drop ). Now, it is supposed that the core may still

behave like a liquid drop, Al• the distinctive shell effects are

attributed to an "atmosphere" of extrat-core nucleons. Moreover, core

and "atmosphere" are conceived to be coupled to form the collective

model, This implies that the core is no longer entirely inert but its

excitation is important wimn there are many extra-core nucleons coupled

to it. Only near the magic numbers and in light nuclei is the core

still inert. The effects of ths core excitation were discussed in

several connections:

(q) Core orthogonality may contribute to the unfavored factor in heavier

nuclei where T-conservation I see (W) I is not expected to hold.,

Nordheim asserts that this cannot be the wvhole story however (See

The Unfavored Factor in Heavier Nuclei.)

(r) The first excited state (2 + ) of even-even nuclei is supposed

to reprosont a core excitation. Highur states arise from a super-

posed excitation of tlA wxtra-coro nucleons. (See Even-Even Nuclei.)

(a) •nhanced electric quadrupole radiation is attributed to contributions

from core oscillations (see Thu Coupling to Extra-Core Nucleons.,)

(t) The core and thxe, oxtra-core nucleons are supposed collectively

rosponsiblo for the deviatios of the magnetic moments from the

Schhridt limits. Howover, an extra suppression of the anomalous

single nucleon moments must also be admitted before large enough

deviations can be obtained. (See Magnetic Momonts.)

(u) The compound intormodiate states for reactions characterizing the

liquid drop nodel contributv heavily to stripping reactions. This

contribution underlies the poaks in t hk angular distribution vkiich

are attributed to oxtra-ccro stabes. (See Stripping Roactions.)



Important for //, -spectroscopy is tho nature of the inter-

action law responsible for /i3-decay. ThI evidence for a component

obeying Fermi seloction rules (6 I = 0, including 0 -* , i0 allowed

transitions) in addition to the Gamow-Teller component ( Z I = 0, ± 1

but not 0 -a 0) was discussed in some detail. The variation of thb

half-lives of favored transitions as well as tlu existence of favored

0 -*0 transitions provide the evidence in question (See the MIRROR

NUCLEI, and Fermi Selection Rules).

Evidence that the two components havo the (Scalar, Tensor)

rather than (Vector, Tensor) forms was also discussed. It is based on

the fact that normal once-forbidden spectra with & I -1 have a statistical

distribution. The known large Fermi-to-Gamow-Thller ratio helps consider-

ably in making the argunmnt decisive. (See thu Phonomtnological

Derivation).

The evidence that, in addition to the above two components,

there is also a Psoudo-scalar component in the /3 -coupling has buen

somewhat strengthened. Originally, it was limited to the Petschek-

lkarshak analysis of the RaE spectrum, which made use of the mmount of

Pseudo-scalar interaction as an adjustable parameter. This seemed an

"ad hoc" explanation of the singular spectrum, requiring, as it did, the

accidentally dustructive interference between tlm Tensor and Pseudo-

scalar contributions. Brysk strengthened the case with a comparison

of thA interference in R-: with that in T1206 %hich is shorter-lived.

The latter nucleus has corztructive interference, essentially because

it has one nucleon missing from each of the Z = 82 and N = 126 shells.

On the othor hand, RaE has ono nucleon extra to each of the s am• shells.



Theorutical argumnnts concerning the magnitude of the nuclear moment

<4 dj), on 4iich the f•scudo-scalar interaction acts, are in a state

of flux. (See The Pseudo-Scalar Interaction in RaE.)

The complex character (Scalar, Tensor, Pseudoscalar) of the

/6 -interaction invites a discussion as to whether it is a fundamental

interaction between primary fiulds, or whether it is soae phenomeno-

logcal resultant of such interactions. Illumination can be sought

through relation to meson decay, but that turns out to be too ambiguous

to be helpful. (Soo the Univorsal Fermi Interaction.)

Many item discussed do not easily fit into the categories

described above. They are included in the nore detailed account which

follows. This attempts to bring together the discussions on similar

topics led by different lecturers, rather than keeping each lecturers

contribution intact.

SIL '
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THE MIRROR1 NUCLEI

ft-Values and State Character

Nuclei uith N - Z 1 neutrons tovide an unusual. opportunity
for the study of their ground states. Not only are spin (I) and magnetic
moment (A ) measurement available, but also the comparative half-lives
(ft-values) of their d -decay are each characteristic of esseribially
a single nucleon state: the parent and the daughter of a mirror pair
can be presumed almost identical in state character. It is true that
the Z = N + 1 number of the pair has extra Coulomb repulsion, providing
most of the /5 -energy, but the effect on the distribution is negligible.
This was affirmed by 1ayer in answer to a query by Deutsch.

The relation of the ft-value to the matrix elements Ii and
fi of allowed /6-decay is:(,% -t= G P I±Iff 1PCT

+ 7

where G are, respectively, the coupling constants for /3-decay under
Fermi Ad Gamow-Teller selection rules. The Fermi matrix element fi
becomes meruly a normalization integral for identical parent and daugh•ter
states, hence If/1. 1= 1, rugardless of thu character of those states.
It is the Gamow-Toller yatrix elumcnt fK which makes the 6-decay of
the mirrors sensitive to the state character.

Feenberg and Mayer dis cussed muans of evaluating )J Ia for
compjarison with the ft-valuus.

j-Coupling Calculations of ft-Values

Foenborg relied principally on calculations of ILQ I afrom
assumed state characters. 'igner and otherslong ago supplied values for

Ijk••27 uhich follow when the spin I of the st.:-ie is built up from a
specific orbital angular momentum L - I ± ½. Ever since the shell model
indicated that large spin-orbit coupling exists, it beconu evident that
the state may instead be the resultant of individual nucleon states of
specific J-values, This jj-coipling approach coincides with the L -= I
evaluations for (closed shell) - (1 nucleon) cases. Feenberg supplied
a list of I i values for the other cases which can be un-mbiguously
calcul2ated with jj-coupling. The unambiguous cases cre those for which
a unique state char acter follows from I, parity and isotopic spins (T)
conservation. The following table lists the IfJ Ie values given by
Feenberg fcr mirror nucled, togwthtr with the L I J: values for the
same cases:



( 0 KI I

Transition L

Be7 j--. Li 7  121/135 5/3 3900 5700

SNe1 9 -' F1 9  ½ 1 121/75 3 4200 6650

A3 5 -* C13 5  3/2 -03/2 121/375 3/5 3800 4760

y37 A3 7 3/2 -P.3/2 121/375 3/5 3080 3850

Depending on which type of coupling is the more correct, one of the last
two coluns should be constant, as can be seen from the aboveorelation
to the ft-value. The numeric 0.8 is thu vwlue :.dopted for Gs2/Gz / (see
just below znd also the 13 -DECAY LAW). The value of the constant in
the last columns should be about 4800, according to the one-particle
mirror transitions, Tho latter, howevar, do not actually yield greatoe
constancy at 4800 than shown in the last two columns of the table here.

The Incidence of the Second S-Shell

The F19 state is usually presumed to be the 1-particle S11,
state because of its measured spin I = . Feenberg stressed that J_ is
unnecessary to accept this iLt.rusion of an S,/'2 state in a regicn where
d5 nucleons are otherrise e::ected. Feenberg uses for F19 the 2
nedron, 1 proton corfigfuration: ( d ; ! , with isotopic
spin T----. IS coupling works equally w ell.

Here, an objection by Nt'yer should be interpolated. The
"jj-coupled T : state chould actua)'lly be ezzect.ed to lie higher than
other states of the same configuration (see sotopic Spin in the Shell
i'iodel). The calculations are admittedly crude, but accepting Feenberg's
assignment for F1 forcos one to suppose tha lav-0. poii:.ons ean be
greatly altered by subtler effects thmn such as cpa be estimated at
present.

Feenberg discussed further the evidence against the assign-
ment of Sl/2 to the 9th and 10th nuclons, The measured magnetic moment
of F19, 9 2,63 nucleai' magnotons, is consistent with an 01/2 Proton
( /AIp 2,79) but, the configuration ho adopts works as well yioldi:g
/4 = 2,75o Furt;wr, if tie 10th nucleon f-:.lls an S P2 shol•1N423' would
have only onu d proton instead of the ( , )91i poton configuý'ation
usually regarded as more consistent with the evidence, (It is none too
clear, however, thjt a filled S shell plus the tw %u trons, 1 proton
configuration (e i ;l cL s-/).-4 uqid nrt exlain Na as wll. A clear-

er case should be provided by Neo, -wich .would have no 2tera protons
if a filled S-ehal-l intruded. Howver, itz spin is umeasurod; it is
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usually guessed as I = 3/2 only becaUse the odd neutron is the llth,
and Na3 has a measured I = 3/2 ;ith An odd l1th proton. Thu No21
magnetic moment is only knoin to be rL~gative, And this is irreconcilable
with a d 3/ 2 neutron, according to the Schmidt dia-gram. It waould help
to eltLin•to the S-shell and tLas have a ( neutron configuration
"from which to get the negative momernt.

ft-Values and -Magnetic Moments

Mayer poointed out that whai the erzerimental (ft)-1 values
are plotted against well-calculated values of I J a, the above relJation
between these quantities shouldF 1re the points fall on a straight line,
with intercept G 2 and slope GT 2 Unfortunate4l, as the above dis-
cussion indicates, the calculated If9/,wvlues are not very reliable.
Mayer therefore uses "measured" If, I2values, i.e. vlues implied
by measured magnetic moments and, particularly, their deviations from
the Schmidt limits.

Correlation between ft-values and magnetic moments Iave'bcen
attempted before, eg. oy iKofoed-Cansen, and by Feerberg and Trigg.
iayer's approach follows from just the essentials of the jj-coupling

of all the nucleons.

Mayor illustrated the existence of an empirical correlation
by comparing the proton and p31. The latter clearly has its odd proton
in an S•/• state like that of the isolated proton. Both are consequently

t 1' IJ 3 on cny coupling scheme. Yet (ft)- 7
for tho nuutron to protbon decay, whereas ft = 2.9 (lO)-4 for S3 1 . P3 1.
The discrepancy by a factor 2.5 closely parallels the discrepancy in
magnetic moments: 1.3 n.m for P31 vs. 4 -= 2.79 n.m. for tho proton.

A close relation between l•Ir and the magnetic moment is
to be e•ooctod theoretically, •hen IfMG' cornects parent and daughter
states as identical as in the mirror pairs, Kofoed-Hensen had written
down the relation between /u and f Z£ for a 1-particle state with
angular momentum J; it is

when the single particle is a proton. This gives only one component of
1ý'2 but that is suf iciet s.ný: the relation I I7,. JI+I)/ , l-z 12
can be proved. ,olosA-Hasens restriction to singI.--paLticle states
is unsafe for the ermpiiical cow-parisonof 4 and k becaus/e a rarely
lies on the Sch.Tidt lines.

Nayer was able to show that the relation between /4A and
remains rearly as simple as *o!oFd..HansenIs whan all. the nucleons are
taken to participate in forminq IA ard f , Of course, a specific
theoretical calculation ofZ4 or (a, uould usually reqUire fell]ing back
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to the single-particle states, but that is unnecessary when experimental
/4 and ft-values are to be compared. Feenberg interpolated the remark,

that Kofoed-Hansenls formulae can also apply to a species of many-
particle states. They remain unchanged if one takes all particles out-
side closed shells into account aid then adopts only doublet states
(for odd A nuclei, of course).

Mayer exhibited a plot of (ft)"l, against fil 2•as deduced
frum the magnetic moments according to the relations she found, It
had the expected general appearance

with the actual points surprisingly little scattered about the straight
line drawn freely through them. Thus, the close relation between the
scatter of the mirror ft-values, with the deviations of A4 from the
Schmidt limit, appears to be substantiated.

Talmi raised an objection to the exclusive reliance on ji-
coupling in Mayerls procedure. That approach does little better than
LS coupling in reducing tba size of matrix elemwnnts, as required by
the small magnetic moment and large ft-value of p3 1 , for example. This
objection refers strictly to calculated values, but makes using the
jj coupling as a basis for empirical interpolation somewhat questionable.
horeover, Talmi emphasized that the LS coupling may well be needed to
resolve other situations. A concrete instance was nkmtioned by Nordheim
in answer to queries about the large ft-value of C14. The best expla-
nation for the latter anomaly still seems to be that thu transition is
from an S state in CA4 to a very pure D state of 1114 , easily explainable
only if LS coupling prevails in that state. F"enberg objected to this
as a final canclusion since jj coupling gives ris, to mixtures of S and
P states which might give the small transition probability with a
suitable choice of phases, However, Myur pointed out that the phases
derived from a straightforward application of jj coupling arc not
suitablo for the purpose.

The inte cepq Lad slope of the straight line depicted above
*. lead to roughly 1G/C • . Feenberg reported that closer examination

Smakes Gs2 /G;2 0.8 the most probable value. In any case, the non-
vanishiig intercept of Mayer' s a traight line plot is one way of making

* '.explicit the evidence of the Mirror nuclei that part of the /3-interaction
is sabject to Fermi selection rulse (see The /S-Decay Law).

I
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Magnetic Moments of Uirror Pairs

Feenber' made an additional contribution to the discussion
of the mirror nuclei. He pointed out that if the magnetic moments, AkN
and •Z' of both members of a mirror pair with spin I are measured, then

"v f-7 A. are amenable to simple theoretical interpretations. On
the basis of LS coupling in doublet states,

,,P + "• z Z "t x *
where ,44 are magnetic moments of a single nucleon %ith total angular

monmettnn I. The jj ccupling treatment of the doublet state yields

where j is the value for the odd nucleon. In earlier work, Trigg had
mixed L= I ± j states of equal parity, to account for deviations from
the Schmidt limits. This approach makes values for 'fz 12deduciblo
frao .4kv JAz, When modified to conform to jj-coupling, an eqression
for I & proportional to ("V _z) 2 i obtainable.

I
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FAVORO VS * U1O.%L ALLOWED 6-TRAPS-ITIONS

The Problem of Favored vs. Unfavored Transitions

The nirror nuclei display another aspect: they supply most
of the cases of favored 3 -decay. Such cases form a well-defined group
of anoaaiously short comparative half-lives: ft = (0,85 to 4.7) l0T sec
vs. 104- sec for normal allowed transitions. Besides the mirrors'
only members of isobaric triads (A 4f•l2) undergo favored decay.

Wigner's supermultiplet theory early gave a neat explanation
of just why mirrors and isobaric triads, and no other nuclei, should
undergo favored transitions. This theory assumes isotopic spin (T)
conservation, and also the approximate conservation of the total ordinary
spin (S). The last assumption became questionable after the advent
of the shell model, with its indications of a strong spin-orbit coupling.

The shell model, or any other theory which predicts identical
states for mirrors and isobaric triads, accounts for favored decay in

those nuclei. The difficulty with the shell model is that it provides
nominally identical states also for many isobars whose transitions
are clearly unfavored. One of many examples is $35 •c 135, quoted by
Nordheim. It has ft = 1,6 (10)5 sec and appears to transform a d3
neutron configuration into c./a / d3/e. On pure shell model con-
siderations, one may compare it to He6 which undergoes Pý/ P 1/2 3 P/31
mnd is distinctly favored (ft = 850 sec.) The question of how the
shell model might cope with the distinction between favored and normal
allowed transitions was discussed by Nordheim, Mayer and Feenberg.

The jJ Coupling Results

Feenberg expan4ed the table shown in the prjceding section to
include the isobaric triad transiticn for whidc It w'vanishes because
of the spin change:

(ff-)Iff I
Transition I, WS Jj LS

e - 6 1-• 10/3 6 2830 5100

C10 -- B)I0 0 ÷ 1 10/3 6 5670 10200

C14-.3 N34  0.1 .2/3 6 7(1o)' 6(10)9

Fie-y- 0 18 1- 0 14/15 2 3400 7800
a26.÷3, 6 lMg 1 o15 2, 200 4400

*It has long been considered likely that the A12 6 transition is to an
excited. state of Mg2 6 zlthough no, r-ray hs been. repQrte.d. ThUs. ww._
because the , -energy was considerably less than t he energy available
according to semi-empirical rass formulae. Moreover, the ground state of
Xg26 is expected to have a jargo spin by Nordheim's rules, hence the
transition to it should be forbidden. However, Goldha.ber called attention
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As in the table of the last section, the values in the last two columns
are to be compored to 4800, which is the value expected from the mote
straightforward single particle mirror trnsitions. The r eporter calls
attention to the apparent fact that the LS couplirg results seem t6 show
to slightly bettor advantage here, than do the jJ-coupling results. Too
large value s of ft IfJ'02 are somewhat more easily accounted for than
too small ones (see eg., Classification of Odd-A Allowed Transitions).
The C1 4 case was already discussed near the end'of the preceding section,
also as more easily understood with LS coupling. Feenber6 did stress
that the supenrultiplet theory (which implies LS coupling) has been too
successful to be entirely discarded. He suggested that some form of
intermediate coupling may eventually resolve the contrndictions: eg.,
spin-orbit forces may still be weak compared to the forces between
nucleons in equivcalent orbits.

Feenberg went on, to present results for a few unfavored transitions:

Transition Ii-N I f ft ft

B, -2 C12 1-*-0 16/9 1.3(iO)4 2.5(10)4

19-w- F1 9 (gd.) 3/2m-1/2 4/5 3.5(lO)5 2.8(lO)5

35 --w Cl13  3/2---3/2 4/25 105 1.6(1o34

It should be noted that the Fermi matrix element vanishes in the
S-• ;• d3L transition of s35 (see above) even though there

is no spin change. Of course, the jj-cwupling matrix elenents are not
small enough to bring the values in the Last dolwnn down to the favored
norm, 4800. (See rcnarks by Talmi in TME 1IRROR NUCLEI), Thus, the
table reiterates the difficulty pointed out above, that the usual appli-
cations of the shell model predict, favcred magiitudes for transitions
which eapiric.Illy are definiteojy unfavored.

The Ph•sphrous Decays

Nordheim suggested the B12, N1 2 decays to C12 as prototypes of
empirical unfavored transitions. Both transform (P3/2; pi/ 2 ) con-
figurations into the filled shell (p/,24 ) structure of C1 .' The
pattern here led Nordheirn to an exlcf1ation for the empirically un-
favored p3 0 decay (ft - lo5sec.). This case was the single, specific
failure of the supermultiplet theory, which predidts f avored decay for
the presumed •ransforimtion, (SI; S,, )-) $.12. Nordheim suggests
that the S 1 2 neitron shell is •Iraa°°ful1 ah-the parent, as in the
daughter. Instead, a dVj2 neutron is n'ssing, mdcng the neutron
configuration: d5 2

5 S1 2/, He hypothesizes _a d 5 /• pto/onfigur2tiroton
configuration, in order o obtain a d3 / 2 -o d5/ 2 transition analogous

to a recent report by Kay lay that revised mass formulae no, longer allow
for on excess over the observed A-energy release.
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to the p,/ 2 • p/2 in B12 Nordh•im asserted that also other evidence
points to an ex: a stability of o44 neutron-odd proton pairs I + ZI £ --
(See Classification of Even - A Allowed Transitions). The unfavored
decay of P34 again follows the d - d512 pattern on the basis of the
configurations (de 5' d I )-46 ( Z fc3 * Nordheim does
not dissolve the d'tproton shell in favor of SLa , as he did the
neutron shell of p30.""A case in point is p32, in which he retains a
single S1/2 proton, together with a SOZ 43/1 neutron configuration
outside filled wat shells. (Accordingly, he still relies on the
forbidden d e -- S1/2 transition to explain the very long comparative
half-life otP32.) The reason for treating the protons differently
from the neutrons here, is that protons may go more easily into d than
S orbits because of coulomb repulsion. Thus, in this first part of
Nordheimns discussion, some features of the shell picture of unfavored
transitions were exhibited cnd on its basis a solution for the one failure
of the supermultiplet theory could be suggested.

Isotopic Spin in the Shell Model

Eaer considered it possible to account for the favored-unfavored
distinction on the basis of the shell model, supplemented only with the
requirement of isotopic spin conservation. A configuration of more than
two like nucleons is always involved in unfavored transitions. When
3J coupling is used to construct the consequent states, the one expected
to fall lowest in energy is different in T-value for the two isobars
connected by 13 -decay. Hence, the transition between such states is
partially forbiddon by the approximate T-conservation. Thus the reason-
ing is much the some as in Wigner's supermultiplet theory, except that
one applies 3j coupling to nucleons outside closed shells, in place of
LS coupling to nucleons outside saturated cores of 4 r nucleons.

Axel interposod the corment that favored transitions to excited
states should be expected, since levels of proper T-value for conservation
must exist in the abovepictiez, 14iyer replied that such excited states
should be expected to lie very high, inaccessible for the energy made
available by ,,3 -decay.

Mayer supported her explanation of the unfavored transitions by
extending the (ft)-1 vs. USg I? plot, depicted in the preceding section,
to include unfavored decays. The latter are now expected to connect'
orthogonal states, hence the Fermi matrix elerent, fI ,vanishes.
The operation _ in )jjr /0- leads to contributions (ft)-1 = T f 1'-
hence a straight line plot of zeao intercept is to be expected for un-
favored decay. Points obtained with I -- IZ values deduced from magnetic
momaents were found to cluster near the origin of the plot. Thus the
expectation of a zero intercept seems to be borne out. The small values
of I5r le indicated by the magnetic moments are in some'accord with the
smallness they exhibit in the unfavored A-transitionse



The "Ufvoe Factor" for Heavier Nuclei

Norhei poizited out that isotopic spin conservation can be ex-
pected to account for unfavored decay only in the lighter nuclei. The
large coulomb forces in heavier nuclei destroy the charg~e sy:mietry of
the forces and T can no l.onger be a good quantum number. Yeb' the
"unfavored factor", by which roimal allowed transitions are slower than'
favored ones, persists izith about the same strength for heavier nuclei.
He presetted the problem as one concerned with the size of 13 -Matrix
elements like

'where LY is the 13-decay interaction operator., whidle I. and f refer to
initial and final nucleus,9 re-i,.ectiveJlyf The 51' Is describe nucleons
outs~ide closed shells whiile the _q_ :s characterize the Ml2led shell core.
The first integral factor is to be held responsible for the large differ-
ences between different types of /3-transitions. viork like that of
Brysk-, which utilizes one parti-cle states Afor a/ , seemis'to be in Afair
accord with the ratios of dif~erent types of transitions. Howrever.,
there appears to b-e the addit:.onaJ. 1'unfavo red factor" comion to all
transitions exceot the "lfavore~d" ones.* One might consider attributing
it to the second integral factor, i ~e. to "core orthogonality.." This
probably-, ccntributes to the observed phenomena. However., it might
then s eek reasonable that the "unfavored factor" s~how a trend with the
mass number., A. However, Nordht,Žiius studies of the evidence failed to
disclose: any such trend. Anoth=er expectation foLLows from Bohr's
conception of the core: it should be most defonnabole i-hen there are
many nucleons in the unfilled shells. Agin., no such correlation turns
UP* It appears that tie "'unfavored factor" in hea-vier-nuclei is not
yet completely understood.

* ~ ~ 4
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STUDIES OF n)MPARATIVE HALF-LIVMS (ft)

Shell Model Cl-ssifications of ft-Vhlues

The shell model assignments of nuclear states have made it
possible to classify A-transitions'reliably into the various types of
allowed and forbidden decay. Now the ft-values fall into fairly well-
defined groups, although there still remains a good deal of scatter
within each group. Nordheim. described a series of studies he undertook
in an attempt to subdivide the groups further and thus reduce the
scatter,

First Nordheim could find no discernably systematic difference
in ft-values of allowed transitions with no spin change fron those with
& I - 1. (See a 6 I -0 and I difference found for once-forbidden
transitions, below.).

Classification of odd-A Allowed Transitions

Next, he did discover a significant way to separate all normal
allowed transitions of odd mass number A into to classes. He defines
Class I transitions as those in which the nucleonic configurnations dre
unchanged except for-the last odd nucleon in each of the A -isobars.
AnC example is

77 77

in vbich the odd 35th proton (pk, ) is t ransformed into an odd 43rd
neutron (p 1 I 2 ). Class II cons~s of "rearrangement" transitions.
Pairs of nucleons in equivalent orbits must be dissolved and new
pairs formed, as in:

A 77 -
Class II: •A 33 - 4 3 363 4

As77 has two more neutrons than Br 7 7 , part of a go 2 group. This group
must be dissolved when a neutron is transformed 3W a proton, to leave
the g9 /2 4 P1/2 neutrons characterizing Se 7 7 . The new proton must then
pair idth the odd P3/2 proton of As to form the even proton combination
of Soe. All this rearrangements leads to an As transition which is 5
times slower (in ft-value) than is the Br decay.

Nordheim exhibited a graph of 22 Class I ft-values mnd 18
Class II points, plotted rgainst A. A general settling of the Class I
ft-values below those of Class II was clearly discernable, the differ-
ence being about a factor 4 to 5 in ft. Only one (Ti45) Class Il'point
had ft.< 105 sec., whereas 12 CLass I points lay below this value.
Considering the possible incidence of other slowing down factors, such
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as 1-forbiddeness and core orthogonality, some unusually high ft-values
should also be expected in Class I. The significance is in how, praeti-
cally without exception, no low ft-values occur for Class II trans-
itions. The reliability of the "rearrangement" slowing down factor,
4 to 6, must be judged in relation to about a factor 2 of error which
may be due to the inaccuracy of energy and branching ratio measurunents,

Goidhaber discussed a case discovered earlier in which re-
arrangement appe rs to cause a spectacular delay i 4.-radiation,
by a factor - 04. This is the transition from Kr 5 to a second
excited state in Rb85 which has ft ~ 109 sec in spite of an apparently
allowed spin change A I = 0, with no parity change. The crucial point
is the assignment of a g9 /t character to Rb8 5". This appears to be
proved by its magnetic qutrrupole v-transition to the well fixed
f 5• 2 ground state. Allowed K-capture from the g9 / 2 state of SrS
seems to confirm the assignment. Goldhaber supposes the excited Rb
state to represent e~citation of the proton from f5/2 (ground) to g9 /2.
An intermediate Rb85 state represents the expected intermediate
excitation to P3/2. To account for the slowness of the decay of the
g 9  neutron in Kr to the g&/2 proton in Rb, a rearrangement of the
n ¶irons is hypothesized. 16 Kr, U- neutrons are distributed between
the p/2and gmd orbits, filling them except for one g/ place. In

er, teie 10 n6Utrons, just enough to fill the g orbi, leaving
P1/2 empty. The close Pl2" g2 / ccmpetition 2i*'/he filling up to
magic nunber 50 is well-lW n Lt accounts for a laru class of isomers,
(injuding Kr8 5, cad Sr 8 5). The preference for g / 2 I 0 , instead of
g 9/2 PJ/22, is plausible: Goldhaber refers to i as d stabilization
o g99/2 neutrons by the presence of the g@/, proton. Hence,
in the Kr to Rb transition after the g9/ 2 neh1ron is transformed into a
proton, the remaining gn - p, 42 2 neut~rons must be rearranged into a

1g causing Wb1yof /e -radiation.

Classification of Even-A Al.lowed Transitions

Since even A transitions always involve an even-even nucleus,,
there seems to be no chance here for class distinction, in the above
sense. Nevertheless, iNordheim again found a significant distinction
between tm classes. Allowed transitions probably must transform
nucluons of a given P-value. The last neutron-proton pair of the
odd-odd / -isobar may have the pair if j - values 2 + ; )" -
which Nordheim usos to characterize the Class I of even A nuclei. Class
TI is to have j+k ii or k-j 3 Z-j instead. Tha latter
configurations should all lead to a high spin I for the odd-odd
nuclear ground state, according to the long known "Nordhuim rules." This
is impressively confirmed ihon all thQ allowed 6ven A tr-nsitions arc
considered. 18 of 22 Class II transitions are forced to go to excited
states because of the 0 spin of th9,even-even ground state. The three
exceptions are Ga6 8 and the t wo Cuau transitions in which the parent
spin is only I 1, duo to (p3/2; P3/2)l oonfigurations. The Class II
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transitions to excited states all hc.ve log ft > 4.8, with two except-
ions; 18 of the 22 have log ft > 5. On the other hand, 18 of 26 Class I
(even A) transitions have log ft -<5 1 The low ft-values of the latter
even A nuclei had been noticed before, by Feenberg and Trigg. Their
Class I characterization offers a welcome, unformed explanation: The

3 -transition requires only a spin-flip which way makes it unfavored
(See Favored vs. Normal Allowed Transitions) but not slowed down by
rearrangement. The paired neutron-proton of Class I is apparently
favored in energy also. For example, (g9/2; g7/ 2 )l ground-states
occur beyond the range in which these orbtala are found in odd A
nuclear ground states.

Classification of Once-Forbidden Transitions

Nordheim went on to study the once-forbidden transitions with
SI = 0 or 1. (but change of parity). Here he found a significant
difference of ft-values between &I - 0 and .6I 1 1 cases. 13 of 15

I = 1 cases have 7.2 < log ft : 7.7. The other 2 have log ft 6,9, 7.1.
Almost all the 18 A I = 0 ft-values lie lower, and moreover show a
discernably systematic decrease when plotted against A. For A -< 150,
the & I= 0 cases have 6 -log ft<7.3. For A ->150, log ft< 6.2.
Hg2 05, T1 20 6 and pb 209 , with their extraordinarly low log ft - 5.2 to 5.5,
appear to be extrapolations of the trend. Goldhaber, and also
Konopinski and Langer, had ascribed the latter cases to the fact that
both neutron and proton shells are nearly closed ( at Z = 82, N = 126).
This may still be a contributing factor, and the secular decrease of the

13 1 = 0 ft-values with A not quite as striking as Nordheim's diagram
ShOWS.

Nordheim pointed out that in once-forbidden transitions a
new possibility for /\I = 0 decay arises, which may account for the fact
that the latter has lower ft-values than A I = 1,, whereas a stmilar
distinction could not be found for allowed transitions (see above). The
pseudo-scalar (F) -interaction, if it exists, would contribute for
the first time to the A I = 0 transitions with parity change. This
possibility is related to the singular RaE case.

The peculiar RaE spectrum (see The /5 -Decay Law) was fitted
by Marshak and Petschek using the amount of P-interaction as an adjust-
able parameter , Konopinski and Langer pointed out the reason
that this did not lead to a statistical shape, as it usually does when
a large Coulomb energy is involved. An accidental cancellation of P
and T (tensor) interaction contributions was tacitly acdmitted by the
Marshak-Petschek analysis a-d this not only gives the singular spectrum
shape but also implies a coasiderable slowing down of the transition.
Thus the large ft-value (10 sec) of the presuned 0 -. 0 transition
of RaE is accounted for. The slowing involved is particularly striking

". when one notices that the otherwise expected ft-value against which Ral
should be cparets the a18olousky low one of t he group indicated
above; HI'SM Tl anQd Pb•vT.

I,



Nordheim suggested that the ThB and ThC decays are slowed
down somewhat by the same effect as that shown in RaE. This presumes
the assignment Otfor the ThC ground state, which is the daughter of
ThB, and the parent of a transition to ThCI. However, Sherr reported
evidence, found by Horton of Princeton, that the ThO ground state is
actually 1-. This was based on o( ? correlations in the competing
CK-decay of ThC to ThMC. Thus, the slowness (log ft = 6.8, 7.2) of

the ThB., C decays is better ascribed to a 6 I - 1 spin change.
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THE AW OF P -DECAY

Fermi Selection Rules

It has long been known that the 4 -interaction must include a
ccmponent leading to Gamow-Teller selection rules. The evidence for this
is listed as Argument I in the recent Malmoud-Konopinski "phenomenological
derivation " of the /3-decay law. Their argument II consisted of the
evidence that also to be included is a component giving Fermi selection
rules. Part of that evidence comes from the analysis of mirror trans-
itions (see THE MIRROR NUOCLEI). Somewhat more direct evidence is the
existence of short-lived 0+-- 0+ transitions. Such would be twice-
forbidden, perhaps a factor 106 longer-]!ived, if only Gamow-Teller rules
prevailed.

Sherr dscussee the evidence for the existence of the 0 -0 0
transitions n 1 and CIO, due mostly to himself and co-workers at
Princeton.

The first,case found was the 034 -P N14 * transition to the first
excited state of NJ * The transition to the ground state is probably
I -forbidden like timt of the low energy C14 decay (see THE MIRROR

NUCLE I ).

The assignment 0+ to the N14 state excited by the /9-transition
is based on its coincidence in excitation energy with a state expected
to occur in N14 which is analogous to the C14 and 014 ground states
(each 0+ ). Feenberg's calculated value for the excitation energy,
2.31 kiev, is to be compared to the energy now measured for the 0'-ray
which follows the /3-emission: 2.30O" 0.03 Mev. Sherr mentioned import-
ant supporting evidence for the interpretation: the state in question
has failed of excitation by the inelastic scattering of deuterons and
alpha particles on N14 , although it has appeared in the C13 (dn) N14
raction. A failure to excite the state of N14 analogous to c14 and
Oj4, by means of N14 + d or cý, is expected on the basis of charge-
symmetric internucleon forces.

The .cO-ý- B10 transition is complicated by the known existence
of three energetically accessible excited states of B1O: 0.72, 1.74
and 2.15 Mev above ground. Moreover, the identification of the one
analogous to the C1 , BelO ground states (0+) is not as easy as in
014 because the calculeations are much more uncertain: The Coulomb ex-
change integrals are more important here. The uncertain calculations
give 1.9 Mev for the excitation of the 0+ state, Thus, it may be
identified with either the 1.74 11ev or the 2.15 liev state. The occur-
ence of the intermediate 0.72 N, ov state is not unexpectedý since the
B-0 ground state has I = 3, there is room for a i14 state. The short
"life of the /3-transitions to the 0.72 Ylev state further indicates the
assignment I ; finally, the observed promptness of the 0.72 1Mev 9'-rs7
show that it cannot be nearly as slow as O - 3 radiation wumd be.

ipL'
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Sherr and Gerhart find two ?-rays following the tS -transition:
0.723 ± 0.015 and 1.033 ± .030 Mev (= 1.74 - 0.72 14ev). No 1.43 Mev
(2.15-0.72) nor 2.15 iiuv Zv-radiation could be found, a limit of 1
in a 100 to 1000 ($-transitions being set.- Of course, that would not
be inconsistent with a 04 2.15 Kev state;i if no Fermi rules applied.

Data from published particle reaction experiments is called
on to help show that the 1.74 Mev state is indeed the 0+ analogue
of CI0 and Be1 0 . It is found that all the above B1 0 states are excited
by protons on B10 but the 1.74 14ev state cannot be excited by deuterons
or oK -particles on B10 . This is just what is to be e:pected for the
analogue state, on the basis of charge symmetric internucleonic forces.
Further, one can compare the Jntensities of 0v-radiation from the three

levels when excited in the BeO(d , n) B10 reaction. The theoretical
expectations (based on 4eiskopf's 7-lifetime formulas) are too un-
certain to prove more than just: 1(1.74 Mlev) z 0 or 1; I (2.15 Mev) 1
or 2. Thus, only the 1.74 Mev state is left to be identified as the
analogue state. (if the asSignuatn 0+ is accepted for it, then I = 1
in the 2.15 Hev state,)

Finally, the measured intensity of the 1.033 Mev T-ray is
found to be 1,65 * 0.2% of the 72 Key v-intensity. This is only within
the limits expected for a 19-transition to the 1.74 Mev state which is
as favored as that to the 72 Key state. Hence, it is clear that one has
to do with another favored 0 -* 0 transition- possible only with
Fermi selection rules,

Sherr went on to present the result for the ratio of the 13..
coupling constants (see THE MIRROR NUCLEI and aiso ýelow) which follows
from the relative CIO A-decay intensities. GS /GT.: 0.8 (0.66 to 1.06)
if the IS -matrix elements are evaluated with IS coupled nuclear states
( J.g ie= 6 for the transition to the 72 Kev state). G•2/UT2 • 0.4
(.37 to .6) if evaluated with JJ coupling (ifs j2 = l0/ ,see Feenberg's
table in the Favored vs. Unfavored Transitions).. The first evaluation
is in better accord with that obtained from the analysis of the mirror
transitions (see THE lTRuOR NUCLEI).

The 014 data was ilreadW used in conjunction with the H3 decay
in Blatt's evaluation:

Gs2/GT2- 0,54 (0.3 to 1).

SThePhenomenological Derivation

Konopinski discussed the arguments which lead to an STP
combination as the correct form of the /1-coupling. The letters
X = S, V, T, A, P, are used as symbols for the scalar, vector, tensor,
axial vector and pseudo-scalar forms, respectively. If Gt- is the Fermi
coupling constant measuring the strength of the X-intera ""ion, Z GxX
is the general expression for the interaction energy density under the
essential criteria of the Foemi Theory. By a "phenomenological deri-
,vation,' is Usant a determnnation from the evidence of which of tho GX
must vanish and *hich note
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The first two stops of the derivation were mwntioned above:

I G or GA • 0 to obtain Ganow-Teller solection rules.

II G or G• 0 to obtain Fermi selection rules.

Since the Mahmoud-Konopinski publicition, a stronger version of I has
become available I

Ia 0T 0 to obtain the /0-recoil angular correlation
observed for He6 .

The expected /3-neutrino correlation is 1 • CO5 -0 for the T and
A interactions respedtively. HeO, with & I = 1, can decay with the short
life observed only under Ganow-Teller selection rules.

Decisive results are now supplied by the angular correlation ex-
periments because of the improved detection of the Li 6 recoils. This
was achieved both at Illinois, by Allen and Jentschke, and at Columbia,
by Ruby and Rustad.

A parallel strengthening of II should be obtainable from
/9 -recoil measurements on 014. This 0 -. 0 decay (see preceding
section) can result only from S or V interactions. The expected /3-
neutrino correlations are then / : (Cv//c) c .

There is one piece of evidence that the P interaction must
also be included in the is-coupling:

III G A 0 together with GT(* 0, to obtain the singular

RaE spectrum shape.

The ?etschek-4iarshak analysis of RaE is discussed in the next section.

Arguments Ia, II and III all require including another com-
ponent in the ,4 -law, none excludes a considerable admixture of other
components. Arguments for the exclusion of certain canbinations are
based on the fact that interference between them can lead to distortions
of the spectra.

IV G or GV = 0 to exclude deviations of the allowed spectra
from the statistical shape.

and GIOrGA= O
The limits set by Mahmoud from studies of the reportedly statistical
shapes of the N1 C�j64 (:) and S35 spectra are: G /G ,/ not larger

than about 1%, if X., X1 are either of the combinations iH question.
The results have been essentially confirmed by others. The smallness
of tih mixture permitted makes it difficult to defend any theory calling
for such a mixture.
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The arguments I-IV leave only arbitrary combinations STP
and VTP as alternatives. Mabmoud and Konopinski developed an argument
V to choose between these'. They also used it against SA combinations
before Ia made that unnecessary.

Argument V develops when one attempts to account for the
statistical shapes observed for once-forbidden spectra with A I = 1.
The necessary condition for this can be exqpressed most simply as:
Coulomb energy at the nuclear radius >> kinetic energies of the
electron and neutrino. It is however a sufficient condition only if:

V GV or • = 0 to obtain statistical shapes for once-forbidden

and %orGA= 0 spectra with I =O, .

and G. or G = 0
nd A P

The last (AP) of these is not substantiated because of the lack of
unobscured once-forbidden spectra with & I = 0. The deviations from the
statistical shape expected from the VT, SA or AP interferences a re of
the same "Fierz" type as the theoretical deviations in allowed spectra
discussed under IV. Their theoretical existence had not been clear
originally because of the many effects which contribute to a once-
forbidden transition,

The evidence against the existence of "Fierz-type" interference
in once-forbidden spectra is in one respect clearer than for allowed
spectra. When one tries to employ the VIP G*law, then the known mixture
of Fermi and Gamow-Teller rules makes GV /G2 1 See preceding
section.) Mahmoud's ana yses of the observe p.'14 W18ý and Prl4 3

spectra indicate Gi 2 /GTi : ]%0

Deutsch called attention to the fact that certain possible
contributions to the once-forbidden spectra with A I = 1 seem to be
ignored in these analyses. The particular contribution in question is
the same one which is solely responsible for the "unique-forbidden"
spectra (,6 I = 2), and therefore would lead to deviations from the
statistical shape. Mahmoud and Konopinski argued that this term is as
negligible as the others which are dropped when a large Coulomb energy
exists, This is supported by tio fact that unique-forbidden transitions"
are factors 102 to 4 slower than the &I = 1 (parity change) transitionse

On the other hand, as Deutsch pointed out, the ignored term
does seem to play a leading part in many / - r correlations, although
the A -spectrum gLves a linear Fermi plot. However, the shapes mea-
sured in coincidence uith T-rays are not yet completely reliable.

The result of the arguments should be eopressed as the

ST(P) law
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of 6, -decay, since only one piece of evidence calls for inclusion of
the P form (see, however, Nordheim's classification of Once-Forbidden
Transitions), Of great interest is the accumulating evidence that the
Critchfield-4igner S-A-P law cannot be correct (see below). The latted
law has fixed relative sizes for its components and also fixed phases.
This is because it was the result of theoretical hypothesis. The
empirical ST(P)-Law is as yet undetermined as to relative phases, while
relative component sizes are lcown only roughly (see preceding section).
An indication that the relative TP phases can be 6xpressed by T + Pp
in the conventional definition of these forms, was discussed by Brysk
(see next section),

The Pseudo-scalar Interactions in RaE

The only datum requirirn a P-component of /3-interaction for
its explanation is the spectrum of .aE. Petschek and Marshak zhowed
that it can at present be understood only as the result of a destructive
-interference between P and T contributions. The support to this analysis
given by the comparative half-life was discussed (see Classification of
Once-Forbidden Transitions).

Ahrens, Feenberg and Primakoff objected to the Petschek-
Marshak analysis on the following grounds. The P interaction contributes
through the matrix element f/-j' connecting the nuclear states. When
this matrr: element is evaluated on the basis of reasonabld nuclear
potentials, then its magnitude turns out to be about a factor 1000
smaller than the size needed by Petschek and Marshak for their expla-
nation of RaE.

Brysk, in his discussion, presented another evaluation which
gave //05 more nearly the magnitude needed. However, as did Feenberg,
et. al., he must make drastically simplifying assumptions. Instead of
relating /3&5 directly to nuclear energies, he uses one-particle
relativistic wave functions of a character designated by the shell
model. He believes that at least the phase of 4/'45 should be given
correctly by such a procedure. For this he finds just the destructive
interference needed in the iharshak-Petschek analysis, when he adopts
the interaction phases indicated by T + P in the conventional formulations.
A similar procedure applied to the T12 6 case gives constructive inter-
ference instead. This fits in with the shorter comparative half-life
of T1 20 6 (102.5 shorter than RaE, See Classification of Once-Forbidden
Transitions). The contrast between the RaE and T1206 cases is thus to
be understood as follovwng from the fact that RaE has one neutron and
one proton outside closed shells, while T120 6 has one nucleon missing
from each of the same closed sets of shells. Such a consideration helps
remove some of the '"ad hoc" character from the iKarshak-Petschek con-
clusions about RaOB
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Konopinski also discussed Ruderman's evaluation of fl/5,
which has a perhaps even less certain basis but suggests wider ramifi-
cations. It is easy to see that if the neutron were treated as a Dirac
anti-particle (negative energy wave functions - f X positive energy
functicns) then ,F5j; would have the large order of magnitude char-
acteristic of ./3 (the S interaction moment). This would settle nothing
since it would merely interchange the role of the S and P interactions
in A -decay. However, Ruderman shows that it may be a natural consequence
of the meson theory of nuclear forces that the positive and negative
energy nucleon states be strongly coupled in nuclei. This is to be
expected from a V' coupling of each nucleon to the meson fields of
other nucleons. Ruderman estimated a resulting magnitude for fe9 in
RaE, roughly consistent with the Marshak-Petschek requirement. It
remains to be seen whether such evaluations of the P interaction can
accuunt for the variation with A which Nordheim's study seems to indi-
cate (see Classification of Once-Forbidden Transitions).

Rudernnans evaluation can be questicned. He ap.plies first
order perturbation methods tz find the effect of the nuclear meson field
on an individual nucleon. Brueckner, Watson and others have shown that
the next higher order perturbation may almost wholly suppress such
effects as Ruderman makes use of. There is some indication that each
successive order of perturbation alternately suppresses and enhances
the effects in question.

Brysk asserted that Rudermar• s evaluation cannot account for
the contrast between the RaE and TiV206 cases, being a method, like that
of Feenberg, et al., above,which fails to treat the individual properties
of nuclei in a given region of the periodic table.

One can at present perhaps conclude only that the case of RaE
offers crude experimental evidence for sizable effects due to the P
interaction. No other explanation for this singular case seems accessible
at present. Goldhaber mentioned the possibility advanced some time'ago
that there exists a close RaE isomer which complicates the spectrum.
However, the initially uncertain evidence for this soems to have evapor-
ated.

The Twice-Forbidden Transitions

Bryak indicated what the shell model could clarify concerning
an unusually detailed typo of inforrmation available relative to twice-
forbidden A -decays with & I = 2, This is the ratio of two matrix
eloemnts, convontionally denoted as Aiu and T., for which valued arc
dotorminod in tho fitting of tho twice-forbidden spectrum shapes.

The shapos in question deviate from the statistical shape by
a factor of the formp 2• A q'u where p and q are electron and neutrino
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momenta. A is a parameter depending on the magnitude and sign of
Aj/Ti . For the measured spectra:

Cases Transition (Brysk)

Cs135,A 3 7 *, 129 g7/ 2 -* d3 / 2  7 10

To9 9  g 1  d 2.4 2T99/2 5/2
C136 (d3 / 2

2 )2 -' (d3/22)0 1 o.6

Brysk obtains his A values from the A. /T ratio reported by the ex-
perimenters. The last column gives vales 1tained directly from
published shapes by Peaslee and Davidson, The column labelled "Transition"
specifies the state characters assigned from the shell model,

Brysk used one-particle state functions of the appropriate
characters to evaluate A.i/T.._* The results depend on whether he employs
a pure Tensor -interaciion or an ST combination. He was able to
obtain fair agreement with the above experimental values with the pure
T interaction. The agreement was somewhat less satisfactory with an
S + T combination. 6,

In general, the T interaction by itself has been adequate to
account for twice-forbidden A -decay. The addition of other forms has
usually added contributions which cannot easily be distinguished from
terms already supplied by T. Thus, the uncertainities in the evaluation
of A j, plus the g rose oversimplifications needed for its theoretical
evaluation, have conspired to prevent definitive conclusions.

The Universal Fermi Interaction

Konopinski commented on the various ramifications of the
conclusion that the ,-interaction needs an ST(P) oombination for its
expression.

The coincidence of the strengths of interaction in the meson
decay and capture with the 1 -decay has led to the hypothesis of a
"Universal Fermi Interaction" among all types of fernnions. It then
beco~es interesting to see what consequences for the muon processes
follow if the ST(P) form of interaction is applied to them.

The one experimental dattumi, presently accessible, which is
sensitive to the form of interaction is the spectrum of electrons from
the muon decay: muon -*- electron + two neutrinos. The possible spectra
:are most simply described by a parameter O<p •< : p =o designates a
spectrum with a vanishing intensity at the end-point energy and as p in-
creases, the spectrum has an increasingly finite intensity at the end
point. The various measurements up to now disagree with each other and
any value of 5 = 0 to 0.4 seeas about equally probable.
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The theoretical predictions from the ST(P) form of law are
subject to various ambiguities. First, its significance for the A -

* decay depends on widch particles in the /M -decay are taken to corres-
pond to which particles in the , -decay. Three different orderings are
possible, known as "Simple Charge Exchange", "Charge Retention" and

. "Antisymmetrical Charge 2-change"l. Second, the r esults depend on the
precise relative magnitudes and phases of the three component interactions:
ST(P). It is known only that !Gs/GIr O55 to 1 and that • is at
most of the same order of magnitude as GTb (see above).

Konopinski employs rather speculative theoretical arguments
to conclude that the "Anitisynmrietrical Charge Exchange" is the most likely
ordering to be correct. Expressed more physically this means that the
two neutral particles erftitted in the *4-decay are like neutrinos, one
is not an anti-neutrino, Konopinski's argument is based on the necessity
of making unforniulatable various transform:ations among fermions which
would contradict experience, although a "Universal Interaction" would
seem to predict their occurence. He used a simpler modification of Yang
and Tionno's approach. Important in the argument is the prevention of
theprocesses: A -. P e + e++ e- and A4-+p -* e-- P ,which
do not occur.

The consequences of the above considerations for the 4 -decay
spectrum are: p = 0 if the ST(P) law is more specifically GS(S+P)+ GTT;
p o.05 if GD-O;p 0O.15 if ~avg I GJ. To get as high as

0 04, it w uld be necessary to hav G 61

The most plausible law for a "Universal Interaction" between
fermions would be S-A-P, which is antisynraetric in any pair of the
fermions. Unfortunately, the evidence of 4 -decay is against it.
(It predicts !P= O5 for the M-spectrum). Any equally simple
theoretical criterion leading to an ST(P) law is difficult to find. It
may be noted that, in a non-relativistic limit: S+T+P -i + V - tr
i.e. the Bartlett spin exchange.

The apparent complexity of the ST(P) combination might indicate
that this is merely a phenomenological resultant of a more fundamental
interaction between primary fields. For example, it can be asked whether,
a "bare nucleon" within the cloud is the essential entity. On this basis,
perhaps only the m4 -decay interaction, in which no nucleon participates,
should be expected to show simple properties. Further, there are now
two ways conceived in which the/3 -interaction may be a resultant of
deeper interactions, A way originally introduced by Yukawa is to regard
13 -decay as a two step process in which a "1*1 -cieson" is first emitted
by d nucleon, then the 16 -meson decays into electron and neutrino..Attem.pts along this line have not been profiising so far. The work of
Rudeiman calls attention to another way. He showed that the pseudo-
scalar interaction may take on some of the features of a scalar interaction
in a corplex nucleus. Thus the effective form of the interaction may
vary from nucleus to nucleus ond the conclusions about the form must be
made on the basis of properly restricted data.
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T. Case of Sb1 4

Almost all once-forbidden,1 It i 1, spectra are reported
to have the statistical shape. This can be understood theoretically if
the Coulomb energy at the nucleus is sufficiently greater than the
electron's maximum kinetic energy (see The Phenomenological Deviation,
Argument V). However, deviations from the statistical shape should
become observable when the kinetic energy is still somewhat less than
the Coulomb energy. The theoretical explanation of the statistical
shape will not be satisfactorily established until cases of such de-
viation are found and measured. The most interesting aspect of the
Sb1 24 problem is the possibility that its highest energy 6 -spectrum
is of the type in qaestion. However, the Sb214 decay scheme is so
complex that its clarification is essential before conclusions can be
drawn. Langer, Tomlinson and Metzger all discussed the various com-
plexities involved,

The decay s chemuj t entatively proposed by Langer and by
Tomlinson are:

UNGE -9 TI~'LINSONTe2 Sb,TeI24 T

,. =-..o.E (10.61 (.49) 0.609 0q)

a 0.871(05)

2.317 1.6or, it was2.09 f658 with) /5 697
(.0?) ( j (.4o7)

0.725
0 We2.306' o.648

LI2I \
0.603 tlev
___________0+ 

0+

The highest energy ,/ -spectrum deviates from the s tatistical shape. In
earlier %ork,, it was fitted with the theoretical shape characteristic
of the "unique" ( A I= 2) spectra, However, /5 X correlati ons in the
parent Sbl 2 4 indicated a 3- or, less probably, 4+ ground state. On the
other hand, Ketzger establishod the indicated cascades 3 -" 2+ - 0*
in Te 1 24 , by correlations between the 0.6 and 1.7 Nev 1'-rays (see,
moreover, Zven-Even Nuclei for arguments that the first excited state
is 2÷ )* Thus, a "unique" shape see.s out of the question: the spin
aegrmnte i diciate a once-forbidden (3- - 2) shape or, with smaller
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probability a twice forbidden (4 +-), 2 + ) spectrum. log ft = 10.3,
about midway between the usual once-forbidden and twice-forbidden values.
Nordheim pointed out that a lower ft than usual for the s econd forbidden
transition with the high energy released here may well be expected.

L discussed evidence in favor of the . I = 1, once-
forbidden interpretation of the highest energy /3 -spectrum. His chief
argument is that the lower energy spectra, obtained after subtraction
of the highest energy spectrum, then exhibit end-points in satisfactory
conformity with the f-ray energies. The most unsatisfactory feature
in the earlier fittings of the 'unique" shape had been that the lower
end-point energies disagreed with the X-ray energiea uncomfortably far
outside experimental errors. However, the decay scheme of the X-rays
is still in dispute as will be seen below.

Tomlinsonts measured spectrum disagrees with Langer's by a
slight amount, but sufficiently for the difference to be critical. He
finds closer agreement with the unique shape. He further finds that the
predictions of the theory for a twice-forbidden spectrum are sufficiently
elastic to fit his observatiuns also. Thus Tomlinson would assign 4+
rather than 3- to the sbl 2 4 ground state.

Both Langer and Tomlinson have evidence for 0.60, 0.72, 0.64
and 1.68 Nev X-rays. Langer's group supplemented the internal conver-
sion measurements with photoelectron and scintillation spectrometer
measurements which also detected the 2.1 Mev O-ray. Tomlinson includes
another, 0.71 Mev Z-ray in his scheme on the basis of evidence offered
by Metzger (below). Such a X-ray would be superposed on the 0.72 14ev
7-ray in Langerls photoelectron measurements.

Metzger discussed his r• nnd /1 Y coincidence measurements on
Sb1 2 4 . In both types of measurement, he set one channel on the high
energy side of the 0.72 Mev peak; he believes that in this way he
avoided interference from the 6 to 10 times as intense 0.60 Mlev peak,
and also from the half as intense 0.64 Mev peak. The second channel
revealed a 0.72 ± 0.03 Rev ;-ray in coincidence with the 0.72 Nev X-ray
in the first channel. Its intensity was less than 1/5th of the first
0.72 l4ev X-ray's intensity. No peak was found at 0.64 Moev, as would
be expected on the basis of Langerrs scheme. Hunce Tomlinson's scheme,
which makes room for the second 0.7 Xev 7-ray, seems to be favored.
However, Tomlinson's analysis of his /3-spectrum seems to require more
than twice as intense as econd 0.7 Nev X-ray as Metzger found.

The interpretation of the /30 coincidences is made uncertain
by the fact that it requires detection of a deviation in a Fermi plot
based on pulse height measurements of electron energies. Metzger detected
no deviation as he swept through electron energies from 1.6 icev down to
less than 0.5 hev. He thus would give the ,3-rays feeding the second
0.7 Mev Y-ray a small intensity, in conformity with the intensity he
finds for the 7-ray. Such a low energy p5-intensity is considerably
10es than either Toiljnaonts or Langer'ss * -spectrqm analyses would
lead one to expect.
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Deutsch pointed out that there is a considerable discrepancy
in the energies assigned by the two decay schemes to the middle i3-ray,
group ( 0.966 vs. 0.871 Mev). 13Y coincidence spectrum measurements
should be dble to settle this point.

The Spectrum of C14

Mize reported a disquieting result of a measurement of the
C14 spectrum. He and Zaffarano used a proportional counter technique
which they tested extensively -nd successfuly on a series of well known
spectra. For C14, they obtained a Fermi plot which had the linear
behavior reported by others, except that the intensity dropped quite
sharply for electron energies below about 50 Key. Yet their techniques
continued to yield the e::pected (linear Fermi plot) behavior down to
10 Kev for $35 and Pm14r e The sources in all cases were of comparable
thickness, -'10 g/cm2, unusually thin because alarge solid angle is
available for detection.

The low energy drop has been reported for other cases, notably
for Ru1 03 , by Kondaiah. No completely convincing explanation can be
readily offered.

Wiu has recently reported the linear Fermi plot for C14
down to -25 Kev., but with a thicker source. Earlier work by Langer
and warshaw also showed the linear behavior. This is not complete proof
because source thickness usually tends to hide such effects as reported
by Mize and Zaffarno. Langer used various source thicknesses; he
found that a drop could occur with too thick a source, and he eliminated
by using a thinner one. His trialswere however limited to thicker
sources than that of the present experiment.

K-Capture in ML6 5

Haynes reported a thorough investigation of the orbital
electron capture in Zn6 5. He detected K-Auger electrons and internal
conversion electrons whose intensity could be directly compared to that
of the positrons. 45% of the transitions consist of pure orbital
capture leading to an excited Cn6 5 state which r adiates a 1.11 14ev
V-ray. Haynes finds that 1.97 ± 0.23% of the transitions consist of

325 Key, allowed, positron decay to the ground s tate. The ratio of
the K-capture leading to the ground state, to the positrons, is
28.0 ± 3.2. This is in very good agreement dith theoretical expectations.
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THE -RADIATION

The 7-_Lifetiee Energ Relation

Unlike P -emission, the X-radiation is expected to follow
the long established fundzmental laws of electromagnetic radiation.
For nuclei, these are embodied in formulas such as those of Weisskopf.
Formulas of this type give the i-radiation probability according to
its multipole character, its energy. and the character of the nuclear
states connected in the transition. The contribution of the last factor
is proportional to the square of an appropriate nuclear matrix element,

IMj 2 . It is specific only when special assumptions are made concerning
the nuclear states involved. In practice, one adopts state characters
indicated by the shell model for the last one or two odd nucleons.
This procedure establishes what Breit referred to as the "Weisskopf
unit" for IMI2. It is convenient to compare measured IM12 values,
iee. calculated from the above formulas and the observed V-radiation
probability, with the "Heisskopf unit".

As is to be expected, with most nuclei having many particles
outside closed shells, the F-radiation lifetimes on the whole deviate
greatly from the formulas based on single particle transitions. Goldhaber
pointed out that one or two cases of agreement with the single particle
predictions exist and these are for one particle outside closed shells.
He stressed the importance of seeking out for investigation all the cases
in which a single particle transition might be presumed.

The difference between single neutron and proton transitions
should then also be taken more seriously. Hoszkowski and others have
developed formulas which make the theoretical distinction.

S1 Transitions

§ sumarized evidence on the probability of electric
dipole radiation.

For A 4 17j, the radiation widths in p,? reactions indicate
a remarkable uniformity of (21f + 1) 1M12 =0.2. By IM12 here is meant
the quantity measured in "Weisskopf units", Thus a somewhat smaller
probability is indicated than would be predicted for single-particle
transitions.

For A = 50., the neutron capture $-radiation widths correspohd
to probabilities - 1% of those expected from the single particle model-.
Still, the E 1 widths are -100 times as large as the E 2 or M 1
radiative widthw.
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S.M was chiefly concerned with data on i-rays following
radioactivity, which can be auumnriz~d in the table:

Nucleus Enery (Kv) IM 1 2

A38  1600 ~2(lO)-7

Sr88  910 , io-4

Te1 24  1700 -3.5(10)-5

Hf177 206 ,10-5

Hf177 318 10-8

Rel 8 7  72 - 2(10)-7

Re1 8 7  552 2(10)"8

Re1 8 7  686 s 5(l0)-7

Np2 3 7  72 -3(IO)"6

The last column gives IM1 2 in "Weisskopf units" as deduced
frem observed f-half-lives. One sees that the single-particle trans-
ition model very greatly overestimates the E 1 radiation to be expected
in heavy nuclei.

The intricate investigation needed to identify the E 1 trans-
itions of the table was discussed in detail for an example of Sunyar's
own work: Re187* The level scheme developed was:

W/e 18 e 18 7

¶13
8I=2 72(e1) s2
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Delayed coincidences between the 480 KeV and 134 Key radiation show
that the 72 Key radiation has a 5(10)71 sec half-life and is preceded
by the 480 Kev X-ray. Conversion X-raoys due to the latter indicate
that it is E 2. The K conversion of the 72 Kev 7-ray is compatible
either with E 1 or E 2 but the lack of L conversion definitely indi-
cates E I* Finally, the relative conversion of the 480, 552 and 686
Kev O"s indicates that the last two are also E 1.

Classification by Multipolarity

It is preferable to have independent evidence as to the multi-
polarity of the X-radiation; this infonration is obtainable from obser-
vations on the i-rays after their emission, whereas the radiation
intensity depends on the nuclear states. One of the observable effects
most sensitive to multipolarity is the internal conversion. The inter-
pretation of internal conversion coefficients rests on a secure type
of theory, but reliable theoretical tables are as yet only partially
completed under the leadership of Rose. Meanwhile, a semiempirical
approach to the interpretation of K/L internal conversion ratios has
been developed by Goldhaber and Sunyar.

Goldhaber discussed recent revisions in the empirical curves
of the K/L ratio vs. Z2/E (E = X-energy), for each multipole. The
M 4 curve i• now substantially loweýr than the original one at low
values of Z /E, largely due to work by Graves, Langer and Moffat. The
P 1 curve is scmewhat lower for high Z2/& becuase of diverse new find-
ings. 'The M 2 curvo is now better established through the elimination
of misinterpreted cases.

Mihelich discussed the use of LT TT TT conversion ratios
as a sensitive method of distinguishing m!lt±j8l611, especially when,
most usually in heavy elements, the 7-energy is sufficient for K
conversion.

The available theoretical L-conversion ratios are fragmentary;
they are limited to non-relativistic calculations, uncorrected for
screening. However, insofar as checking has been possible, the empirical
conversion ratios agree well with the theory. The LIII/LI ratio for
M 4 radiation is particularly well-checked.

A striking excmple of the usefulness of the method is afforded
in the comparison of' -130 Key •-rays in Hg and Au. The Lp/LII
ratio is -1.i in Hg, - 2.5 in iu, as expected for E 2 andE-l 3
radiation, respectively.

Also useful is the contrast shown in the conversion of E 2
and K 1 radiations. The E 2 radiation in heavy elements is strongly
"convrted in LII 1 IIZ, very little in LI (1/30th for a 77 Key Au r-ray).

IA
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On the other hand M I radiation yields a high L1/LT&I ,. ratio ( 20
to 30 for a 77 Key Au r-ray), This makes the be a particularly
sensitive to mixtures of E 2 and X 1 (see below).

Mixed Multipbles

The intensity of radiation by a classical charge distribution
has always been expected to be about the same for the ML as for the
EL + 1 multipole. Mixtures of such radiations may then be expected,
since both need the same parity change; (-)L+1,

Goldhaber and Sunyar found empirically that the ML 3'-radiation
is relatively much stronger, of the same order as EL. When the latest
nuclear radiation formulas were developed this became understandable.
Because of the intrinsic magnetic moments, for example, the classical
relationship between the electric and magnetic multipoles is lost. If
ML and aL transitions always radiated equally strongly, mixtures would
not be expected, since these occur for opposite parity changes.

Goldhaber discussed a new development: the finding of Mlý
..-I mixtures (see Steffents discussion below). He suggested that this
is correlated with another set of observed facts.

The ML Or-transitions are on the whole found to be much slower
than the single-particle radiation formulas predict. However, their
variation from core to core is surprisingly smooth and closely parallels
the variation predicted* On the other hand, the EL radiations vary
irregularly in lifetime, by large factors from core to core. On this
basis, it is not surprising that cases occur in which EL-l transitions
radiate comparably with MIL, thus giving an observable mixing of the
two types.

Steffen discussed well-investigated examples of both types of
mixing: ML, EL t1. He uses the very sensitive method of directional
correlations between successive r-emissions. The correlation function
has the form:

W~) =LAg 2k fta cskksO

where -9 is the angle betkeen the 7-rays, m is the magnetic quantum
number of the intermediate state, and the coefficients A2k depend in a
known way on the energies and the multipolarities of the f-rays.

Caution must be observed in interpreting the experimentally
"measured coefficients, A' , In the first place they are integrals
over the finite solid anglhks of radiation actually detected; this is
calculable for detectors of calibrated efficiency. In the second place,
-. A'2k may also be •multiplied with an attenuation coefficient, G2k( to 1),

A'2,myas emlile it
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due to extra nuclear (atomic) effects cau'ing disorientation of the
intermediate nuclear spin direction (change of m called spin-coupling
by Rose, below). The latter effect is small if the intermediate state
radiates the second X-ray rapidly enough, and can be miniimized by
providing the nucleus with a suitable atomic environmont. Steffen
compares different sources: various liquids and, if possible, ionic
crystals in which the interesting nuclei are embedded. He considers
the results significant when they are the same for the different
sources,

The 7Kcoincidence curves obtained by Steffen in several

cases are represented by:

C•: W 1+0.114 (± .008) P2 (cos V-) + 0.012 (. 006) P4 (cost)

pt19 6 : W 1 +0.092 (±.008) P2 (cos a )+ 0.314 (•.010) P4 (cos 0.)

Sr 8 8 : W 1-0.0645 (± .0015) P2 (cos$)+0.001 (±.0015) P4 (cos5)

In the first two cases the first irconnected Ii = 2 with Im = 2, while
in Sr 8 8 the spin change was 3 -- 2. The second r-ray transition was
2+- 0+ in all three cases: E 2 radiation.

The folloidng Tables give the interpretation for the above
cases together with sixilcr results obtained by others.

-;&erpgies (Dev) 1 - Particle

Nuclei __ __inM Theory

Se76 0.65 0.56 34-80% 1%

Cdll4 0.72 0.55 3% 1%

Te122 0,68 0,56 80% 1%

Pt 1 94  1.48 0.33 98% 5%

Pt 1 9 6  0.36 0.33 95% 2%

Hg19 8  0.68 0.41 60% 1%

One sees that the Weisskopf single-particle predictions greatly und$-
estimate the E 2 radiation relative to M 1 in these cases. Only Cd-M
is relatively close to agreement. All the cases have many particles
outside closed shells, which suggests that deviation be expected from
the single-particle formulas. Steffen emphasized that the existence
of E 2 transitions fast enough to mix with K 1 points to "classical"
radiation by collective motion of the large charged core (see THE NUCLEAR
CORE).



- 39 -

Two cases of E 1 + M 2 mixture are fairly clear:

S-onergio s (Mev) 1-Particle

Nuclide.$ A 2 M 2inElI Theory
Sr 88  0.91 1.78 0.007% 0.00015%

Te124 1.7 0.60 0.1% 0.00031

Considering the finding (see preceding section) that E 1 radiation is
greatly overestimated by the Weisskopf formula, the descrepancy here
may be ascribed to a smaller overestimate of M 2 transition probabilities.

Mihelich!s observations on L conversion (see above) have also
turned up s transitions: 5 cases in odd proton nuclei, four
of them d -> S transitions. Characteristically, comparable LI and
LT Iconversions are found,-in contrast to only L1 conversion for pure
M I cases, and orny Ljj I, conversion for pure E 2 cases. One case of an
E 3 +M 4 mixture was aiso found.

Directional Correlations

Rose discussed means of avoiding certain experimental diffi-
culties in direction correlation experiments. Usually, to avoid un-
certainty due to the coupling of the intermediate spin with extra-
nuclear fields, various sources are compared - dilute solutions being
important ones (see Steffen's discussion above). This is not possible
if one of the particles is an electron ( 3 or conversion), since the
source must then be very thin to avoid scattering.

For are correlation, the angular distribution given for 2•r"
correlation above is modified to

where b kA 2 k is the theoretical coefficient in the absence of the
intermediate-spin coupling. Iith the coupling, the attenuation G3, is
naturally the same as for aX correlation from the same source. fence
bk zcan be found by performing both experiments:

2Aý (bzk A 2k )6-ie (
where the primes indicate measured coefficients.

An alternative procedure is to measure the ie. correlations
seperately for K and L conversion electrons. Then the ratio of the
experimental coefficients is b (K)/b(L) regardless of the attenuation,
Unfortunately, relativistic theoretical values for b(K) and b(L) are
not yet available, and in the non-relativistic limit, b(K)/b(L)= 1
for pure M radiations,
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77 Polarization-Direction Correlations

Extremely sensitive results can be obtained by measuring the
correlation between the direction of one br-ray and the polarization
of the other. The problem was first treated by Hamilton. The correlation
function has the form W = I Ay ,P (D;co) where P,, is no longer
simply a Legendre pol3nomial as for' the direction correlations. It is
a function of the angle 4 between the directions of the two 67-rays-
and of another angle p between the plane of polarization of one (r-ray
and the plane containing the directions of both:

P - (WS + (-)')a', (L,) Gus ! p (cos)
if the 2-ray whose polarizatioin is being measured is EM1 or ML ;
(rt- 0 for EL1 , C7, = for NL1 . cM.0(I) = 0 and

" (v+Z) v ! (v+ O-L(L I)

The term with this coefficient vanishes for pirely directional cor-
relations (5o ' = 0).

I

Rose discussed the analysis of results obtained when coinci-
'dances are measured between an ordinary X-detector in one direction and
a polarization-sensitive detector in a direction making an angle z with
the first.

Rose first presented the general cociditions under which no
polarization anisotropy would appear: for EL, ML or ML, EL cascades;
also, for E 1 E 2, M 1Ii2, E 2 E 1 or M 2M .cascades. This is pre-
suming that the efficiency of detection is the same whether one 81-ray
or the other is the one registered by the polL:rization sensitive
detector,

In the cases just mentioned, one of. the transitions involves
a change in parity i.e. there is an ,,overall' parity change. Rose
was able to exhibit a series of simple relatons between 2Wdirectional
correlations and direction-polarization ccrretations for cases of no
overall parity change (er. E 1 M 2).

"Further, Rose presented an extensive analysis of the measure-
ments when the efficioncy of polarization de~wction is different for
one r-ray and tho other. The results are important because they enable
one to identify the individual parity changes in the two transitions
being correlated. Finally, Rose developed tVe correlation function for
cases in ihich one of the 7-tays is radiated *n a mixed transition

i(see Mtixed M'ultipoles, above). The function described above is
now replaced by another of the same general form with new coefficients
replacing O, . The correlation function W rnw also depends on the
ratio 8 of the components in the mixture. The appearance of •
prevents anything but acci4ental aancellatior* of the an±sotropy.
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SOW30? VS. alUACTER OF EXCITED STATES

Odd-A Nuclei

Correlations between energy levels and their state characters
are to be expected. The energy and character of many first excited
states has been determined from the study of isomers, made convenient
by their long lives in the states. Goldhaber in his discussion, ex-
hibited a plot of the odd mass numbers, A, of isomers against the odd
nucleon numbers (neutron or proton). This showed that "islands of
isomerism" occur almoat exclusively during the filling of the last
shells preceding magic numbers. There are one or two exceptions to
this, of a kind discussed below (Mo9 3 , see after Even-Even Nuclei).
Only odd neutron isomers occur in the 50-82 and 82-126 regions.

At the closing of the N or Z l 50 shells, there is competition
between pvrv and g9/$ orbitals. This gives an opportunity for studying
the E(P /2) - E(g 9 /2 * 0 energy differesnce. It is found to vary moothly
as- pairs of neutroha are added to the core undorlying the P1/2 and 8/2
states*

The best data aro •rovided by three sereof odd'proton
isotopes: y39

8 7, 89,9l, Nb• 9•91,93,, 9 7, Tcos'3 5 0,97 , 99 . The P1/2
energy has a minimum relative to gq/ 2 exactly a? neutron number
N = 50 in each of the isotopic series. Goldhaber points out that the
tighter core of N = 50 should be expected to have a relatively larger
interaction with a P1/2 proton than with the more spread out gq/2
orbital. The energy b- /)-E(g 9 / 2 ) also increases as Z increases
towards 50 Apparent•y,• more numerous g9 / 2 protons tend to stabilize
each other in that orbit more than the two p3/2 protons can help each
other.

The last phenomenon is also exhibited in fragmentary series of
odd neutron isotopes, The data on these is less abundant because the
odd neutron isomers are divided into a second kind. The odd neutron
groups g9/ 2

3 j,5j7 most often produce an even I 7/2 state, instead of
the resu1ant g0/2. The energy difference E(7/2 +) -E(pI 2 ) also
shows a smaooth. ba with the .digi of neutron pirs. The
isotopic series So and Kr 3 6 '7,•' o provide the data. Now*
there is an energy 4 minima- at the3 exact middle of the go/,shell,
N = 45, where the -7/2 + state gains the greatest stability gfative to
P1/24

Regularities also appear in the "islands" preceding N = 82
and 126. No comparable evidence turns up in the comparison of isotones,
when it is the proton pair number which varies, as was brought out by
a coument fO Mitchelle
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Mihelich discussed the regularities in the low excited states
of a series of gold * ýtopeso These are daughters of mercury isotopes
produced from the Au15 (p,xn)*Hg reactions. Proton energies up to
105 Mev eject up to 9 neutrons. Data could be obtained on the 7-radiatiozW
of all the gold isotopes with N - .12 to 118. The radiating states
could be characterized after determining the 7-ray multipolarities by
means of L conversion ratios (see Classification by Multipolarity).

The ground states of the even N Au isotopes were all presumed
to be d-/2A in agreement with the well-established assignment for
stable MiK. Excited Bl/2 and d5/ 2 states are identified in each
isotope.

Rihelich reported that E(d l2 )-E(d 3 1 o) was nearly constant
in the series (250-280 Kev). Axel c6fnmented tat this is not surprising
if only a spinless core varies from member to member in the series.
More variation should be expected for E(sl/2)-E(d 12) since the S-orbit
overlaps the core more than does a d-orbit. Inde942, the S' energy
rises relative to d31/• from -40 to 77 Kev., as neutron pat•s are added.
Mihelich compared tis~s with E (d03 ) - E(s f2) as found in the odd
neutron series Sn 5 0 , Teg,. Xe5 .'The las-nergy difference decreases
Wth th addition Of pr6gns,51d thus again E(Sl/ 2 ) rises relative to
E(d 3/2),

Eve-Even Nuclei (AssignMents)

Scharff-Goldhaber reviewed current knowledge concerning the
first two excited states of even-even nuclei. Almost all the first
excited states are 24 (even Is 2). More than a third of the second
excited states are also 2+ , about an equal number being 4+ instead.
.(see Mixed Multipoles for a discussion of the X-radiation during
2+-% 2÷-jp 0 transitions), The results in general point to a working
hypothesis that the nth excited state will have I 2n, and two con-
secutive ones * I - 2.

Two alternative theories of the excited state characters have
been advanced. One of these prusumes that the low excitod states all
arise from a single nucleonic configuration. The configuration is taken
to be jn for n like nucleons in the last unfilled j-orbital. If now
zero-range forces are assumed, a level order can be calculated: I
O 2, 4 . . . 2j-l, all of even parity, with the ground state put first.
Flowers has shown that the order: I=0, 2, 2 . . . is also obtainable
in scme cases; this was shown specifically for fukr j = 7/2 'nucleons
interacting with forces of sufficiently long range.

Ford discussed the altemative "collective model" of the
nuclear excitationse The first excited state now represents a rotation
of the nucleonic core, underlying the unfilled orbitals. Consideration
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Scharff-Goldhaber pointed out' that an odd A nucleus formed
by the addition of a single nucleon to ar. even-even nucleus generally
has a lower first excitation energy than the even-even nucleus, This
is to be understood as the excitation of the single nucleon superposed
on the even-even core which is still unexcited in the first odd A state,

SGoldhaber discussed a striking example of an odd A nucleus
which behaves like an even-even nucleus in its first three pxcited
states. This is Mo93m3, an isomer with N = 51, in striking exception to
the rule that isomers do not occur just after a magic number shell
(N = 50) is filled. The half-life of the third excited state is 6.75 hr
in spite of an excitation of 2.428 Mev. This implies a very high spin,
especially since no direct radiation to the ground state occurs. There
is instead a cascade, starting with 263 Key E 4 radiation, followed by
what are probably two successive E2 radiations, Successive core exci-
tations to, I = 2, 4 and 8 are thus indicated. Meanwhile the odd g7/2,
neutron may well remain unchanged in the successive states*
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of the core motion alone is not sufficient, however, for the explanation
of the marked shell effects observed in the excitation energy (see below).
Thus, a strong coupling of the core to the extra-core nucleon is assumed.
There follows a "collective" motion and the second and higher excited
states may involve excitations of the outer nucleons superposed on the
core motion. The level orders: I0= 0,,2, 4 are obtained for most cases;
I = 0,2,0 was obtained for two extra-core rucleons when A = 100.

The two principal exceptions 6 to the rule that the first ex-
cited state has a 2 character are 0 and Ge,72 which have 0 instead.
Scharff-Goldhaber pointed out that the pure shell model would lead to
an expectation that the 2+ rule be violated when the nucleus has only
filled orbitals, and particularly so if it is magic number shells which
are filled. The neutrons of Ge? 2 Just fill a p, 2 orbital whereas the
protons fill a pj 2 orbital. Both the neutrons -Ind protons of o16 fill
the shells at m•ag'c nizrber 8. On the other mand, Pb208 is also "doubly
magic"l, yet has a 2 + first excited state. The core excitation seems
to be ndicated here. DUtermination of the first excited state character
in Ca4 is still lacking.

Richards announced results which removed another apparent
exception to the rule that the first excited state is 2+ . Earlier
experiments on the inelastic scattering of deuterons on Ne2O were int•i-
preted as indicating an odd parity for the first excited state of NeY.
The interpretation was based on an extension of the stripping theory
(see STRIPPING REACTIONS) to inelastic scattering by deuterons. Inter-
pretations are fundamentally more straightforward when a single nucleon
is used for the excitation. Richards reported that where protons are
inelastically scattered on Ne2 0 , the angular distribution unambiguously
requires a 2+ assignment to the excited state.

Even-Even Nuclei (Energies)

Scharff-Goldhaber displayed a plot of the first excitation
energies of even-even nucleis as a function of neutron number. There
are striking peaks in the energies at the doubly magic numbers, and
also at N = 28, 50 and 82. Sumewhat less high maxima of energy occur
at Z '= 28, 50. These phencumna emphasize the importance of the shell
structure in the excitationso

Equally striking are the low "valleys" of excitation energ&
between the peaks, especially between N = 82 and 126 and for N > 126.
Ford emphasized the correlation between the occurence of the rare
earth "valley" (N =.82-126) with the large quadrupole moments found
for the nuclei here. Large deformability of the core, as indicated'by
the quadrupole moments. should lead to low core excitation energies.
However, a considerably larger deformability than is indicated by the
measured quadrupole moments seems to be required to get the very low
energies observed. The agteement is still much better than is easily
obtainable with the shell model alone. A somewhat weaker coupling may
be needed between the core and the extra nucleons than presumed.
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Scharff-Goldhaber pointed out that an odd A nucleus formed
by the addition of a single nucleon to an even-even nucleus generally
has a lower first excitation energy than the even-even nucleus. This
is to be understood as the excitation of the single nucleon superposed
on the even-even core which is still unexcited in the first odd A state.

Goldhaber discussed a striking example of an odd A nucleus
Swhich behaves like an even-even nucleus in its first three qxcited
states. This is Mo93m., an isomer with N = 51, in striking exception to
the rule that isomers do not occur just after a. magic number shell
(N = 50) is filled. The half-life of the third excited state is 6.75 hr
in spite of an excitation of 2.428 Mev. This implies a very high spin,
especially since no direct radiation to the ground state occurs. There
is instead a cascade, starting with 263 Key E 4 radiation, followed by
what are probably two successive E2 radiations. Successive core exci-
tations to I = 2, 4 and 8 are thus indicated. Meanwhile the odd g7 /2
neutron may well remain unchanged in the successive states.

4.
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NUCLEAR BO4BAReMN EXPERDM

Resonance Scattering of Protons

Richards described experiments on the elastic s cattering
of protons by nuclei. Over sufficient ranges of energy, resonances in
the differential scattering c:ross-secti~n are found. This can be most
informative, as discussed below, when the resolution is sufficient for
the resonance widths to be unobscured by instruaental broadening. To
provide the resolution, the accurate energy control possible with van
de Graaf accelerator is advantageous. Further, electrostatic beam
analysis was used and a solid window betwieen beam and s cattering gas
was avoided. The last step was possible with fast differential pumping
between the target gas chamber and the vacuum system guiding the beam.

Analysis of the resonance scattering angular distributions
allows determination of the spins and parities of the resonance levels.
The most easily analyzable results are obtained for I = 0 target
nuclei: C12_, 016, Ne20, 1.g24o Relatively low levels can be reached
because the proton is lightly bound to these nuclei. Consistency with
shell model expectations was found: the interpretation here is parti-
cularly simple since the resonances states are formed from the single
bombarding nucleon on an even-even core.

The measured resonance widths give further information, after
allowances for Coulomb barrier penetration are made. The resultant
"reduced-width", 3', has an essentially simple significance. If 7"
is large, - f) 1R• , then the single-particle description of the state
is valid. If it is much smaller than this, more complicated excitations
are needed to form the state. Both types of widths are found, indi-
cating which of the various levels are formed by which type of excitation.

Stripping Reactions

Hough described experiments especially designed to reveal
mixing of X-values in the shell model states of nuclei. The angular
distributions from (dp) reactions on P 1 , C13 5 and Sc 4 5 targets were
measured. When analyzed according to the stripping theory, such mea-
surements reveal the .2-value of the neutron in the last oribtal of
the resultant nucleiO

The Michigan cyclotron provided the deuteron beam, with an
energy spread of -150 Key, at 7.8 Hev. The targets are mounted on
foil wheels in a scattering chomber which was slightly tipped to enable
detection at 00. Proportional counter detectors were used oad coinci-
dences required, in order to minimize background.
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The stripping theory predicts the angular distribution

,a,
S2 

I F

with a summat•on over -al 2 w-alues permitted by angular momentum and
perity conservation. Ft is a known function of the scattering angle -N.
It leads to peaks in thb angular distribution: a peak ýt 00 for 9=0,
at progressively larger angles for 2zl,2, . . . . g- is a known
weight factor wich suppresses higher X-values in falor of the lowest
possible. tf-91 is the (unknown) probability of finding the neutron
per unit radil distance on the surface of the core (B target nucleus).

The shell model predicts unique 9-values in simple cases.
Even smail adaixturce of smaller 2-values will show up strongly because
of the weighting g••. One has here a sensitive measure of deviations
from pure sholl morel predictions.

The p31 ground state is j + , hence an added neutron must
have 2-0 or 2 to produce the p3 2 ground state, 1+ . The shell model
expectation is that the neutron will enter a d-/p orbit. Thus, a
proton angular distribution corresponding to l• 2 only is predicted.
Actually, an excess of protons in the forward directions is found to
be superposed on the characteristic 2 = 2 distribution. The forward
excess is, in this case, differently shaped than one ex.pedts from an
2= 0.admixt4re, but it was so interpreted. From the intensities,
IfoI / jf; = 3 to4 %.

For c135, the analysis is much the same except that this time
the gorward eak has the expected 1= 0 shape. The adnixture

I If 2 1 ,3 to 31% is found.

"Sc45 hgs 7/2 in its ground state and t-l1, 3 or 5 neutrons
can form the Sc4 (4+) state. Anl= 3 peak is expected since it is
an fr/ 2 orbital which is to be filled by the niutron. Actually, an

"= 1 admixture is found, with If / If 31 2 z13%.

The observed angular distribution peaks are superposed on a
uniform distribution which must first be subtracted. It amounts to
more than 30% of the peak value, at each point of the distribution.
It is attributed to compound nucleus scattering; i.e. some of the protons
are emitted after the deuteron and the target nucleus form an inter-
mediate compound system. Breit pointed out a serious danger in the
procedure. A 30% scattered intensity corresponds to a scattering ampli-
tude almost half as large as the peak scattering amplitude. Interference
between the tw types of scattering Could produce effects another factor
2 as great. Hough replied that one may hope that the two types of
scattering are incoherent, since the compound nucleus formation implies
"los055of "ooherunce. The peaks are as distinct as is expected from the
stripping theory alJone

li
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TH13 NUCLFAR CORE

The Liquid Drop

The liquid drop model for the nucleus has long provided a
"useful means for treating various phenomena such as fission, intermediate
states in nuclear reactions, and quadrupole moments. Brlly discussed
new experiments on fission which exhi~bited atrikingly that heavy nuclei
indeed behave in a way expected of a liquid drop. The fission was in-
duced by fast (14 Mev) neutrons and the angular distribution of the
fragments studied from several target nuclei: Th232, U23 3, U2 3 5 , U23 8

and Np23 7. In each case a marked preponderance of fragments along the
direction of the neutron beam was found: 25% more than in the lateral
direction. The picture is clear: the fast neutrons induce deformations
along the line of impact, which develop to the point of fission. As
expected, the angular distribution is iso tropic in fissions induced by
thermal neutrons. The fast neutron effect contrasts understondably with
the fragmentation by photo-fission: this is preponderantly* lateral,
in the direction of dipoles one should expect to be induced*

The Coupling to Extra-Core Nucleons

The liquid drop modul is obviously inadequate for treating
the marked shell effects shown in many nuclear phenomena (see, eg. Even-
Even Nuclei). At loast the nucleons in unfillidd shells must be attri-
buted a quasi-independent motion. The collective motion which ensues
from a strong coupling between the extra nucleons and the deformable core
was discussed by Ford, Surface motion of the core is split into a
rotation of the deformed nucleus and vibration about the defoemced equi-
librium, Since the deformation is viewed as subject to the motions of
the extra nucleons, one expects deformation phenomena to show themselves
most - for nuclei far from magic number configurations. This has
already been seen in connection with the excitation of even-even nuclei
(see the statements about the rare-earth "valley" in Even-Even Nuclei).

A fuýther consequence is enhancement of the E 2 radiation
rate in even-even nuclei# The observed rates, in nuclei far from magic
numbers, are distinctly larger than one expects from the two nucleons
which would be responsible on the basis of a pure shell model. The
deformations required to account for the observed rates are reasonably
consistent with those found in other ways..

Magnetic Moments

Ford went on to discuss the magetic moments predicted by the
collective model. The latter predicts not only an addition of moments
to be expected from deformations of the core, but also effect from the
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mixing of nucleon states due to interaction with the core motion,
Magnetic moments arising from a weak coupling of the core with the extra
nucleons have been calculated previously,

A brief sumary of results is: a) For nuclei with one extra
nucleon with j = 2+. ½, the calculated momvent falls well within the
Schmidt limit9 farthest in the strong coupling treatment, b) For three
J 2 + I nucleons, the calculated moment is Within the Schmidt line
except for j = %, when it is slightly outside, c) Calculated'deviations
from the - • Schmidt lines are of both signs and always small. Rea-
sonable agreement with experiment is a chieved when the anomalous nucleon
moment is assumed to be reduced by 0.8 unit by the presence of nuclear
matter. Most nuclei for Ahich collective effects are expected to be:
negligible, fall on the new Schumidt lines, while moments of nuclei
expected to show strong core defomations fall farthest off the new
lines. The well-kmown, BiD9 anomaly still remains.
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